R R

/ -
; AFIT/GAE/AA
O et

- ~~

ADAOTIH852

/ o ot

®

—

;P‘I}RUST EECTORING TO ELIMII‘IA’?I'L(

THE yEPTICA STABILIZER «

g/;//a,ué//k/ THESIS _/-

AFIT/GAE/AA/TID-9 Roy E. La Froth
Capt USAF

b

JAN 23 1380
ETUTE
A

EILE COPY

Approved for public release; distribution unlimited

p2L2 2AS ‘//}L/




. AFIT/GAE/AA/T9D~9

THRUST VECTORING TO ELIMINATE

THE VERTICAL STABILIZER

THESIS

Presented to the Faculty of the School of Engineering“
of the Air Force Institute of Technology
Air Training Commnand
in Partial Fulfillment of the
Requirements for the Degree of

Master of Science

by
Roy E. La Froth, B.S.A.E.
Capt USAF
Graduate Aeronantical Engineering
December 1979

Approved for public release; distribution unlimited




Preface

This study represents my effort to determine what is needed in an
active thrust vector controller to provide the directional stability
and control given by the vertical stabilizer and rudder on an F-111.

I would like to thank my advisor, Captain James T. Silverthorn
of Aeronautics and Astronautics of the Air Force Institute of Technology
faculty, for his excellent guidance.

I would also like to thank my sponsor, Lieutenant Robert (Rob)
Crombe of the Air Force Flight Dynamic Laboratory for his support and
assistance in obtaining an understanding of the flying qualities
requirements.

I wish especially to thank my wife, Brigitte, for typing this
thesis. Her patience and perseverance during the entire project was

an encouragement.

ii



Contents

Pref&ce R R R I I I I I S R N A R S S S S S R S S S RS P S PPy

List of Figures ceiveiieiinnreneerotiaestsenosconnsanssnsaens

List Of PaD1ES tvirieiirstessatstotensesoscsosansastonsases

List of SymbolsS.svevesrosranaarane it ieetes et s et

ADStract tvvieevietiersrostoneetrsossocassresssansssssssenns

I.

II.

III.

Iv.

VI.

INEroAUCtIon vt rveevesesnonnesecesssisnnososensnssose

PUPPOSE v itiitreeeronarsnssonseerttsanssssneacanss
Adreralt. o iiie it ieinreenetinnsnasennnenns
SCOPE tvvrreetoresnonsssstnoressresasessnssssasoas
Organizabion ..vceeiiiiiniiniienroersesneseoccanns

Aircraft Equations of Motion ......ccvviiieeinennen
Thruct Vector Control Law Development ...............

Computer Progreams «uoeiieirveieenesrsesiaseaasannes cos
Requirements .....cinireiiinneetinrecrsensasrsanonnns
System AnalysSisS «oveernrrereieeeriaronrssersossonsnrns
Effect of Washout Time Constant ,......cciceieiinnens

Thrust Vector Controller Design Evaluation ..........

Discrete Turbulence ..o eiectrseecssesonessccsosocs
Random Turbulence .eeeeiiiieiiorrrecensesrosonnoncnns
Computer MOGELlS/PrOgralis «ouvveverrnsasenennnennns .
Response To A Rudder Pedal Input ...cooevveiiencinaen
Response To Discrete Atmospheric Turbulence ........ .
Response To Continuous Random Turbulence ....e.ceie.e.

Thrust Vector Control Requirements .....c.icovevnaen,
Thrust Vector Limit Study .....co0vviveieiieinnnnenes
Parameter Study ..oveceeeenrieeeeriarsoncnonasesnorvenns

TVC Actuator MoGel tveeiivriieereeseotssosrsncotesnans

Conclusions And Recommendations ...ceeecveeeseacesans

114

26

70
70
83
88

9k




Appenaix 1
Appendix 2:
Appendix 3
Appendix b:

Appendix 5:

Page

Bibliography et s iisntasntasioisraetrossorenresneroranns 96
. F-111 TACT Aircraft Description.......... 97

Stability Derivatives «vcvverevevinensons 100

Thrust Vector Control Derivatives........ 102

Integration Program Listing........... e 105

Continuous Random Program Listing........ 111

Ce et etieee ittt e 117

iv




10
11
12

13

1h

15

16

17

18

List of Fipures

Tail-off Yaw SAS......c0v0s. tieasees

Tail—on Yaw SAS L R A 2 R B RN I B ) 64000

Yaw SAS Inner Loop Root Locus, Flt.
Yaw SAS Outer Loop Root Locus, Fit.
Yaw SAS Inner Loop Root Locus, Flt,
Yaw SAS Outer Loop Root Locus, Flt.

Effect of a 0.83 sec. Washout Time
Flt. Cond. 1 ... erennn e

Cond. 1..

Cond. 1.
Cond. 2
Cond. 2

Constant,

Effect of a 1.25 se. Washout Time Constant,

Flt. Cond. 1 .. ..iiiiiiiinieinnnes

Effect of a 2 sec. Washout Time Con
Flt. Cond. 1 ........ N e

0000000

stant,

ooooooo

Continuous Random Model Block Diagram.....

Tail-off State Space Model ......
Integration Program Input Matrix ..

Yawing Moment/Degree of Thrust Vect
(Tail~off) or Rudder (tail-on Defle

ooooooo

ccccccc

or
ction..

F1t. Cond. 1, Tail-off Rudder Pedal Input

Rudder Pulse, Gv, 6v Time Histories

oooooo

Flt. Cond. 1, Tail-off, Rudder Pedal Input

ay, B8, r Time Histories .v..vuveus .

F1t. Cond. 1, Tail-off,Rudder Pedal Input

¢, p Time Histories ....vevvvvannen

Flt. Cond. 1, Tail-on, Rudder Pedal Input

Rudder Pulse, ér, Sr Time Histories

0 e

Flt. Cond., 1, Tail-on, Rudder Pedal Input

ay, B, r Time Histories .v.vveveven

LRI AN ]

23

2k

25
29
30
31

33

3h

35

36

37

38




papge

19 Flt. Cond. 2, Tauil-on , Rudder Pedal Input -¢5p
Tlme Hlstorles LR N B R R N A A A I I I Y LR A t e e 000 e AL A ] ,30

20 F1t. Cond. 2, Tail~off, Rudder Pedal Input - Rudder

pulse, 8y c Time Hlstorles Ceeeen N . L1
21 Flt. Cond. 2, Tail~off Rudder Pedal Input - a g, T
Time HiStOrieS ivvvvs vevvreeneenreoneennns i ... 2

22 Flt. Cond. 2, Tail~off, Rudder Pedal Input -~ ¢, p
Time Hlstorleq e ree it eaes N Ceereene 43

23 Flt. Cond. 2, Tail-on, Rudder Pedal Input a s By 2
Time Histories .....ievveune, N AT v i

2} Fit, Cond. 2, Tail-on Rudder Pedal Input - Rudder

Pulse, 8 . ér Time HiStories v.eevrvveveeevneiennnns 45
25 Flt. Cond. 2, Tail-on Rudder Pedel Input -4, p

Time Histories  ciiiuiiviiniernnneronernrenenennnns L6
26 Flt. Cond. 1, Tailyoff. Frequency Response - 3/3g 48
27 Flt. Cond. 1, T.il-off, Frcquency Response - av/gg b9
28 Flt. Cond. 2, Tail~off, Frequency Response - 3/3 ‘e 52
20 Fit. Cond. &, Tail~off, Frequency Response - ay/sg 53
30 F1t. Cond. 1, Ta§1~off, Discrete Atmospheric Turbu-

lence - 6 s 6 . O Time Histories .......vievvvnuns 55
31 Flt. Cond. 1, Tail-off,Discrete Atmospheric Turbu-

lence ay, B, v Time Histories ..vveveeeeeerenenss 56
32 Flt. Cond. 1, Tail-off, Discrete Atmospheric Turbu-

lence - ¢, p Time Histories ....i.evevsen Cerraeeas 57
33 Flt. Cond. 1, Tajil-on, Discrete Atmospheric Turbu-

lence - B , 6, 6 Time Histories ....eecovvvnnn. 58

g’ r’ r

3k Flt. Cond. 1, Tail-on, Discrete Atmospheric Turbu-

lence - ay, B, r Time Histories v..vevevvevvceneres 59
35 Fi1t. Cond. 1, Tail-on, Discrete Atmospheric Turbu-

,; lence - ¢, p Time Histories .......... Ceeeeraeraas 60
‘\..r)‘

vi




36

37

38

39

Lo

5}

h2

43

L}

b5

46

b

48

Fit. Cond. 2, Tuil-off, Discrete Atmospheric Turbu-

- 6 i i i R N R R I A
lence Bg, v, 6szme Histories

Flt. Cond. 2, Tail-off, Discrcte Atmospheric Turbu-
lence - uy, B, » Time Histo  i€S tvevervnrccncenean

Flt. Cond. 2, Tail-off Discrete Atmospheric Turbu-
lence - ¢, p Time Histories v...veversn. Ceervraeaan

F1t. Cond. 2, Tail-on, Discrete Atmospheric Turbu-
lence -~ 88’ 6r, Gr Time Histories ....veivvicecsnns

Fl1t. Cond. 2, Tail-on, Discrete Atmospheric Turbu-
lence - ay, 8, r Time Histories .......... Ceereaes

Flt. Cond. 2, Tail-on, Discrete Atmospherlc Turbu-
lence - ¢, p Time Histories ......... BN

Flt. Cond. 1, Tail-off, Discrete Atmospheric Turbu-
lence 6 Max = 0.5 rad, Gv Max = 1.2 rad/sec

ay 8, Y Time HIStOXiCs vueeenveeerrnenensnensnns
b

Flt. Cond. 1, Tail-off, Discrete Atmospheric Turdu-
lence, §y Max = 0.5 rad, 6§ Max = 1.2 rad/sec
3 s Gv’ év Time Histories .......coveiiviiiarinnnnn,

Flt. Cond. 1, Tail-off, Discrete Atmospheric Turbu-
lence, s, Max = 0.5 rad, 6 Max = 1.2 rad/sec
¢, p Time Histories ........ e eeresrenrenean fee

Flt. Cond. 1, Tail-off, Discrete Atmospheric Turbu-
lence, §_ Max = 0.5 rad, §_ Max = 1 rad/sec

ay, B, r Time Histories ..... Ceeeas Cereeieraenes
F1t. Cond. 1, Tail-off, Discrete Atmospheric Turbu-
lence, §y Max = 0.5 rad, §_ Max = 1 rad/sec

B , 8 v Sv Time HiStories teeeeevrenirnnnconsnsnos

F1t. Cond. 1, Tail-off, Discrete Atmospheric Turbu-
lence, § Hax = 0.5 rad, 6 Max = 1 rad/sec
¢, p Time Histories ............. O

Flt. Cond. 1, Tail-off, Discrete Atmospheric Turbu-
lence, 6§ Max = 0.% rad, § Max = .9 rad/sec

. . . v
ay, B, r Time Histories ..cecieiecerrvonenccrnnnes

Flt. Cond. 1, Tail-off, Discrete Atmospheric Turbu-

lence, ¢ Max = 0.5 rad, § Max = 0.9 rad/sec
88, GV, Xv Time Histories v.viiiirevtoceconnnnnnn

vii

Page

62

63

6

65

66

67

Th

75

76

7

78

T9

80

81



50

51

53

54

Flt. Cond. 1, Tail-off, Discrete Atmospheric Turbu-
lence, & Max = 0.5 rad, 6 iax = 0.9 rad/sec

¢, P TimE HISLOTLIES  vuuervenevnernernennenonsones

F1t. Cond. 1, Tail-off Discrete Atmospheric Turbu-
lence, § Max = 0.3 rad, &  Max = 1 rad/sec

ay, B, r Time Histories ..i.ivvievievnevenecnnones
3

Flt. Cond. 1, Tail-off, Discrete Atmospheric Turbu-
lencg, & Max = 0.3 »ad, §_ Max = 1 rad/sec
Bg, Gv, Xv Time Histories ".....ciiivivevinnnnenns

Flt. Cond. 1, Tail-off, Discrete Atmospheric Turbu-
lence, 8 Max = 0.3. rad, §_ Max = 1 rad/sec

sV e - v
9, p Time Histories .....iiviiiiiiiiiiininnninnns

Thrust Vector Defelction/Deflection Rate Require-
ments for Discrete Turbulence at Flt. Cond. 1.

F-111 Transonic Aircraft Technology Program (TACT)
Physical Description ......iiiiierenennnrnennnnas

F-111 TACT Aircraft covuiuiviveernrieneenrnnsnnnnnes

viii

82

8l

85

86

87

98
99

102



Table

TA

B

10

11

List of Tables

Flight Conditions «eevevievvensennaaas Cerectestroanas
Mach 0.8 Lateral Flying Qualities of Interest......
Mavh 2 Lateral Flying Qualities of Interest...... ..
Mach 0.8 Discrete Gust Frequency Sensitivity Study..
Mach 2 Discrete Gust Frequency Sensitivity Study....
Response To Continuous Random Atmospheric Turbulence
§,» 8, Limit Study B Peaks ............... i
8, (sv Limit Study - Dutch Roll Parameters .........

Parameter Study, Flt. Cond. 1, Discrete Atmospheric
Turbulence..... Ceeeseetestessnenene e ceesseteananan

Parameter Study, Flt. Cond. 2, Discrete Atmospheric

Turbulence.ceeaseesss et st et teeserarecstecerennnens
Parameter Study , Continuous Random Atmospheric
Purbulence.ceeseevsceas ceeertasaetescenen cereaneas
Effect of Actuator Time Constant Changes .........

21
50
S5k
69
T2
73

89

90

91
93




! List of Symbols

2y lateral acceleration (ft/sec)
t ving span (ft)
CD drag coefficient
aoC e s . . . .
C L variation of rollins moment coefficient with

|

B 2L sideslip angle (1/deg)
Cn - 8Cn variation of yewing moment coefficient with
8 Y3 sideslip angle (1/deg)
c - acv variation of side force coefficient with
g a8 sideslip engle (1/deg)
C
C2 - 9 £ variation of rolling moment coefficient
P op with roll rate (1/rad)
Cn - acn varigtion of yawing moment coefficient
P v with roll rate (1/rad)
Cy - an variation of side force coefficient
po) 3p with roll rate (1/rad)
c .
Cz - 8 2 variation of rolling moment coefficient
r ar with yaw rate (1/rad)
Cn = acn variation of yawing moment coefficient
r or with yaw rate (1/rad)
c
Cy ; E_X vari ‘won of side force coefficient
r or with y. v rate (1/rad)
c
Cz - 2 3 variation of rolling moment coefficient
) 96 with control sngle
C
Cn - ® n variation of yawing moment coefficient
8 FS with control angle {1/deg)
C - BCX variation of side force coefficient
Is 26 with control angle (1/deg)
g acceleration due to gravity (ft/secz)
- Ixx moment of inertia about the X axis (slug—fte)
Ixz product of inertia (slug—fte)




Izz

moment of inextia sbout the z oxis (slug-1%2)

B feedback gain
T feedback gain

distance from the mircraft center of gravity
10 engine nozzle (ft)

dimensianal variation of rolling moment with
rate of chanpe of sideslip angle (1/sec)

dimensional variation of rolling moment with
sideslip angle (1/scc?)

dimensicnal varisltion of rolling moment with
roll rate (1/sec)

dimensionel variation of rolling moment with
vaw rate (1 /sec)

dimensional variation of rolling moment with
control deflection (1/sec?)

mean perodynamic center
dimensional veriation of yawing moment with
rate of change of sideslip angle (i/sec)

dimensional varigbtion of yaving moment with
sideslip angle (1/sec?)

dimensional veristion of yawing moment with
roll rate (1/sec)

dimensicnal veristion of yawing moment with
yaw rate (1/sec)

dimensional variastion of yawing moment with
romtrel Aeflection (1/sec?)

perturbed roll rate (rad/sec)

2 2
Aynamic pressure % o Vt (QAv/ft )

perturbed yaw rate (rad/sec)
2

wing srea (ft )

Laplace variable

dongitudinal equilibrium velocity along the
body X axis

sbterdy slate forward velocity (ft/sec)

x1




v perturbed side velocity (ft/sec)

Vg side velocity due to a gust (ft/sec)
W weight (1b)
Yo aircraft steady state downward velocity (f£t/sec)
Yé dimensional variation of lateral force
vwith rate of change of sideslip angle (ft/sec)
Yé dimensional. variation of lateral force
with sideslip angle (ft/sec?)
Yp dimensional variation of lateral force
with roll rate (ft/sec)
Yr dimensional variation of lateral force
with yaw rate (ft/sec)
Yé dimensional variation of lateral force

with cnntrol deflection (ft/sec?)

Greek Symbols

B sideslip angle (rad)
Bg sideslip angle due to a side gust (rad)
$ perturbed bank angle (rad)
o angle of attack (deg)
Y flight path angle (deg)
8, steady state pitch attitude from the horizon (deg)
w frequency (rad/sec)
w dutch roll frequency (rad/sec)
Sa aileron surface deflection (rad,deg)
Gr rudder surface deflection (rad,deg)
6v thrust vector deflection (rad,deg)
- g dutch roll damping ratio
X2
p air density (slug/ft3)
¢ power spectral density

xii



AFIT/GAE/AA/TOD-9

Abstract

Root locus analysis techniques are used to design an active
thrust vector control system io provide the directional stability
Tor an F-111 withoul the vertical stabilizer. A linear analysis
of the lateral-directional modes is performed for the airc «ft both
with and without the vertical stabilizer. The aircraft with the
vertical stebilizer is used 2s a2 baseline. Computer time histories
for discrete atmospheric turbulence and & covariance analysis for
random turbulence are used for the eveluation. It is found that
the thrust veclor control produces a response as good as or better
than the baseline aircraft.

Requirements for the thrust vecto; deflection and rate of de-
flection are generated. The lowest possible rate of deflection for

acceptable flying qualities is shown to be 1 rad/sec.




THRUST VECTORING TO ELIMINATE THE

VERTICAL STABILIZER

I. Introduction

There is increasing concern ove- the vulnerability of modern

Jet fighter aircraft to detection by radar and optical measns. 1In
looking at ways to reduce detection there has been much work on
electronically masking an aircraft to radar, although these techniques
do little to reduce the optical profile. When one views a jet fighter
from a top view (or bottom view), the wings constitute the largest

part of the aircraft's cross section. Since they have been designed

.

specifically to give the aircraft its required lift and flight

characteristics, there is no apparent potential for improvement of

55 e B o S R A i U R e SR R RN

the cross section. From a side view of the aircraft it is seen that,
besides the fuselage, the cockpit and the vertical stabilizer are
areas in which éo improve the cross section. Reduction of the height
of the cockpit will not help very much and would reduce the pilot's
visibility. Reduction of the size or elimination of the vertical
stabilizer and rudder would greatly improve {he radar cross section
and optical profile. The problem is that the vertical stabilizer
provides the aircraft's directional stability and therefore its
reduction or elimination could cause the aircraft to be directionally
unstable. Therefore, a means to provide the directional stabilility

and yaw characteristics that the vertical stabilizer and rudcer

‘. provide is needed. Thrust vectoring of the jet engine nozzle using

an active control system could be the means.

l-
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Another problem with, the vertical stabilizer is that at the high
angles of attack modern jet fighter aircraft are capable of, the
stabilizer may be blanked to the free stream by the wing-body combin~
ation., An aircraft with an active thrust vector control (TVC) would
not be as susceptible to reduced lateral-directional stability at
high angles of attack.

FMurthermore, if the vertical stabilizer could be reduced or
eliminated , both a reduction in drag and weight would be realized.

Of course, these benefits must be compared with the increased com-~
plexity and weight and the reduction in longitudinal thrust associated

with thrust vectoring.

Purpose

The purpose of this thesis is to determine the static and dynamic
requirements of lateral-directional thrust vectoring (magnitude and
rate) adequete to replace the vertical stabilizer on a specific air-
craft. In other words, this thesis will determine what is needed in
an active TVC to provide the same directional stability and control
now given by the vertical stabilizer and rudder. Also, the stability

and control advantages of such a concept are to be indicated.

Aircraft

The aircraft utilized in this study is the F-111 Treausonic
Aircraft Technology (TACT) program aircraft. The F-111 is a super-
sonic, variable wing sweep, twin engine fighter aircraft. A physical
description of the T-111 TACT aircraft is in Appendix 1. The TACT

program (Ref 1:1) was a supercritical airfoil research program to




'?? demonstrate the performance advantages of a supercritical wing. Since
wind tunnel date for this aircraft in both a tail-on* and tail-off
configuration was available (from the Flying Qualities Group of the
Air Force Flight Dynamic Laboratory),it was a convenient choice for

this present study.

Scope

Linear analysis and design methods werc used to approach the
problem. Since it was initially assumed that the longitudinal pertur-
bations would be small, only the lateral-directional aircraft modes
vere examined. The limitation of this assumption is discussed in
Chapters IV and V. A full design study of the aircraft covering
its complete flight envelope was not practical for this thesis.

Instead the study was restricted to two-steady level cruise conditions.

The analyses and design were performed at cruise conditions of
Mach 0.8 at 40000 ft. altitude and at Mach 2.0 at 30000 ft. Since
the first is a low thrust, low dynamic pressure condition, it is
believed to be the a worst case cruise condition with respect to damping
of the dutech roll mode with the TVC., On the other hand, the second
flight condition is a high thrust, high dynamic pressure condition
and therefore represents an easier design case. Table 1 summarizes
these two flight conditions. The stability derivatives for the two
flight cases in the tail-on and tail-off configurations are shown in
Appendix 2.

The system was evaluated using both discrete and random atmo-

spheric turbulence simulation. The tail-on eircrait, including its

*Pail-on refers to the airecraft with the verticel stabilizer and
tail-off refers to the TVC aircraft without the vertical sta-
bilizer. -
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Table 1

Fiight Conditions

Flt. Cond. 1 Flt. Cond. 2
Mach No. 0.8 2.0
Atitude (ft) 140000 30000
Airspeed (ft/sec) T7h 1990
Dynamic Pressure (1b/1t?) 176 176k
Density (slugs/Tt3) ‘5.8’{’3,){10"h 8.907X10_h
Flight Path angle (deg) 0 0
Angle at attack (geg) 9 2
Weight (1b) 68000 68000
Wing Sveep (deg) 26 58
Center of Gravity (% MAC) 32.5 32.5
Required Thrust (1) 6350 44980
Txx (slug-ft?) 89500 59000
Ixz (slug-Tt?) 3500 4720
T2z (siug-5%2) 456000 142000

Y




yaw stability eugmentation system (SAs), was used as a basis for com-
parison. A sensitivity study was performed to determine the effects
of thrust variation, feedback gain and TVC actuator time constant
variation. The TVC actuator requirements to provide acceptable
flying gualities were specified. No attempt was made to model any
specific two-dimensionel TVC nozzle. Only the deflection of the
thrust vector is specified. In its undeflected position the thrust

vector is assumed to be along the aircraft body roll axis.

Organization

The second chapter of this thesis presents the lateral-directicnal
small perturbation equations of motion utilized in this study.

Chapler III describes the design of the thrust vector controller.
Listed first are the flying qualities requirements which the design
is to meet. The block diagrem of the yaw control system is shown and
then the root locus enalysis of the controller is presented. The feed-
back gain selections are provided along with the iraunsfer fuanctions of
the closa2d loop system with the yaw SAS. Then a comparison is made
with the tail-on yaw SAS and verification that the flying gualities
requirements are satisfied from the eigenvalues of the characteristic
equation.

The results of the evaluation of the yaw SAS to three types of
input are presented in Chapter IV. A computer program was developed to
integrate the aircraft equations of motion to provide time histories
for a pulse rudder pedel input. A comparison is made with the tail-on
aircraft. Next, the response to discrete stmospheric turbulence is

shown., The model for the turbulence is a 1-COS discrete side gust.
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The aircraft response to this gust is found using the same integration
program as before. Again, a comperison with the tail-on configuration
is made. The effect of random gtmospheric turbulence is next examined
using the Dryden form of the power spectral density and a computer
program vhich does & covariance snalysis. Results of a study of the
effects of the ve~iation of thrust, pgains, and mctuator time constant
(each independently) on the response to mtmospheric turbulence ave
presented.

Chapter V then discusses the effects on the dutch roll mode of
applying limits to the thrust vector excursion and slew rate using
the discrete atmospheric turbulence input. The results show the
minimum thrust vector excursion and rate reguirements for the
giscrete gust environment to sztisfy the dutch roll reguirements.

Conclusions and recommendstions m.'e presented in the final

charter of this thesis.




II. Aircraft Equations of Motion

This chapter presents the lateral-directional small perturbation
equations of motion (Ref 2:6.47) written in the body axis system.
These equations were used in the design of the thrust vector control
law (Chepter III) and the evaluation of the controller (Chapters IV

and V). The equations are.

Lateral Acceleration

'.V—w°p+uor=Y'é+Y

+ + +
& 88 Ypp Yrr g cos 0o ¢

Ga a Gv v (1)
Roll Acceleration
p-%’% i‘=Léé+LBB+Lpp+er+L6a6a+L6v6v (2)
Yaw Acceleration
i“%—}z{':' 1')=Néé+NBB+Npp+Nrr+N6a 5a+N6v 8, (3)
Kinemetic
$ =p+ r tan 0, ()

The quantities v, p, r, ¢ and B represent the aircraft's per-
turbation side velocity, roll rate , yaw rate, bank angle and side-

slip angle respectively. The subscript "o" represents equilibrium

values and the quantities Y Lp, etc., are the dimensional

B, Yp’
stability and control derivatives (Ref 2:6.46). The term §, is the

aircraft perturbation aileron deflection while Gv represents thrust




vector deflection. The §v terms are replaced with Gr (rudder deflec-
tion) in the tail-on cases. Appendix 3 gives the sign convention
for 6v and derives the TVC dimensionel derivatives.

It is generally assumed that the B derivatives are negligible

(Ref 2:4.82). Then, noting that:

and:

<
i
<{

™.

vhere Vt is the aircrafts total velocity.

Equation 1 can be rewritten as:

B = Eﬁ_ﬁ +(w + YD) P, (Yr - uo) r, g cos 60 é
vt Vt vt vt
Yo 5 Yg g
s 8 8 _V'V
Vt Vt (5)

Simultaneous solution of Equations (2) and (3) for p and # and

introduction of primed dimensional derivatives into these equations,

gives:

b= Lo + L;p + Lr+Liad +Lp 6, (6)
v

r = NBB + hpp + Nrr + N6 éa + NGV Gv (7)

The primed derivatives are defined as:

L, +¥—z~ N,

LY = i 22 i
. 1 - Ixz2
Ixx Iaz




Ixz
Ni Izz i

1 - Ixz?
Ixx Iz.

N =
1

where the subscript, "i", represents 8, p, r, 8. 8,

Finally, the lateral acceleretion can be expressed es:

B8 § a 6 v

a =YRB+Yp+Y 6 +Y §
y P a v (8)




II1I. Thrust Vector Control Law Development

This chapter presents the control laws as developed for the TVC
yaw stability augmentation system (SAS). The requirements for the
aircraft dutch roll mode, roll mode and spiral mode are presented.
The block diograem of the TVC yaw SAS is shown and compared with the
tril-on yaw SAS. The root locus plots for the tail-off mircraft and
yaw SAS are shown and then the lateral modes for the closed loop
system are compured with the requirements and the tail-on sircraft

modes.

Computer Prorraus

Existing computer programs and library subprograms available
through the Aeronautical System Division's (ASD) computer system
were utilizea in the TVC control law development. In order t, use
the root locus analysis method. the aircraft lateral-directional
transfer functions needed to be obtained. A program written by
J. M. Griffin (Ref 3) accepts the lateral non-dimensional stebility
derivatives as input and computes the lateral-directional transfer
functions in both polynomial form and factored form. The transfer
functions of the variebles, B, p, r and ay with aileron and rudder
(or thrust vector) input are provided as output. It also provides
the dubch roll frequency and damping ratio, roll time constant and
spiral time constant.

Another very useful computer program, Total, (Ref 4) in the AFIT
library of the ASD computer system was used for the root locus analysis.

The program was accessed interactively. Transfer functions were

10




provided as input to obtain the root locus digital printout and plots

used for analysis and design.

Requirements

The lateral-directional flying quelities requirements for the
dutch roll mode, roll mode and spiral stability were taken from the
Air Force Flight Dynamics Laboratory (AFFDL) flying qualities speci-
fication (Ref 5:182,206,220). The requirements are specified for a
class IV (highly maneuveresble) aircraft, category A (flight phase that
requires rapid meneuvering or precise flight control), level 1 (flying
qualities clearly adequate for mission accomplishment) flying qualities.

The three lateral-directional modes (Ref 2:6.53) can be obtained
from the roots of the characteristic equation for the aircraft. The
dutch roll mode is represented by a complex pair of roots in the
s-plane so the flying qualities requirements are specified in terms
of frequency and damping ratic. The roll mode normally appears in the
characteristic equation as a root on the s-plane real axis. Its re-
quirement is specified in terms of the roll mode time constant which
implies a response reguirement to a step (aileron) inpul. The spiral
mode is often divergent so the requirement is specified as a time to
double amplitude. The requirements for these three modes sare as

follows:

1V

Dutch Roll Mode - w21 rad/sec

1v

0.19

1v

tey 0.35 rad/sec

11




Roll Mode - 1/t > per sec

Spirol Stability-Minimum time to double amplitude = 12 sec

or l/'rs > = 0.057 per sec

Coupled Roll/Spiral is unacceptable.

System Analysis

By looking at the non~dimensional stability derivatives
(Appendix 2) it can be seen that for each Tlighi condition the
sLability derivatives mre different for the tail-on and tail-off
configurations., The stability derivetive of particular interest
here is CnB since this derivalive must be positive for direclional
stability (Ref £:112-113). Therefore, it can be seen directly from
Appendix 2 ihat removal of the verticel slaobilizer causes ihe air-
craft to be direclionally unstable (CnB is negative). The effect
of the removal of the vertical stabilizer can be seen from the large
changes in C A s Cy s Cn and Cn . In order to restore this lost
directional stabi 1i€y a }{)‘eedbuckrcontrol system to o Lhrust vectoring
device is to be used. Figure 1 is = block diapram of the control
system proposed to correct this lack of directional stability.
Sideslip (8) feedback is used in the inmner loop with yaw rate (r)
feedback in the outer loop. The B feedback basically increases the
dutch roll frequency and the r fTeedback provides the dutch roll damp-
ing.

The thrust vector actustor was selerted with a 0.1 second time

constant, This was believed to be representative of an actuator for

this type of application. The washout circuit time vonstant was
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selected to be consistant with the tail-on washout time constant of
-1 second. The effect of washout time constant will be discussed later
in this chapter. A simplified block diagram of the tail-on yaw SAS
is shown in figure 2. The configuration of this yaw SAS is basically
the same as the tail-off yaw SAS except that the lateral acceleration
(ay) feedback was used in the inner loop. The rudder actuator is
modelled with a 0.05 second time constant so it is a faster actuator
than the one selected for the TVC configuration.

A root locus of the inner loop (B feedback) of the tail-off yaw
SAS at Mach 0.8 is shown in figure 3. Of particular interest here
is the coupled roll-spiral mode in the right-half s-plare. This
condition is unacceptable from the flying qualities requirements
standpoint. The dutch roll poles are located at -0.60 + 0.h455. By
increasing the feedback gain the roll-spiral roots can be moved back
to the real axis. As this is done the dutch roll mode goes unstable
but the frequency is increased above the minimum requirement of
1 rad/sec. Closure of the yaw SAS outer loop stabilizes the dutch
roll as shown in figure 4. The outer loop gain is selected to
maximize the product of the dutch roll frequency and damping ratio
(Cwn). This will minimize the time to damp the transient response.
Ac¢ seen in figure 4 the roll and spiral modes are now uncoupled
(as they should). The gains selected were:

Inner Loop K, = 16.22

Outer Loop X 6.35
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The closed locp transfer function is:

. - 4.76 (s + .292)(s + .205 * .9313)(s + 1)
r (s + .469)(s - .04S)(s + .893 + 2.063)}s + 4.01)(s + 5.5)

This can be compared with the closed loop transfer function for
the Mach 0.8 tail-on aircraft (and yaw SAS):

_ - 20.hh (s + .268 ¢ .73)(s + .334)(s + 1)
Y (s - .016)(s + .uk6 + 1.25)(s + .52T)(s + 2.83)(s + 1h.3)

Table 2 shows the dutch roll frequency and damping, roll time
constant and the spiral time constant for the Mach 0.8 tail-off case
as compared with the flying qualities specification requirements
and with the tail-on case. This table indicates that the tail-off
aircraft exceeds the dutch roll specification requirement. The
tail-~off configuration has a higher frequency and damping then the
tail~on configuration which suggests a better transient response
than the tailhon. The spiral divergence criteria is met for the
tail~off aircraft but the roll time constant is too high. No attempt
will be made here to correct this problem but only to suggest that
roll augmentation would correct the problem. Another way to correct
the problem would be to increase the washout time constant sufficiently

but this will be discusseé later in this chapter.

Ve e
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Table 2

Mach 0.8 Lateral Flying Qualities of Interest

Dutch Roll Roll Spiral
1/ 1/
“y 5 ey Ty Ts
(rad/sec) {rad/sec) (1/sec) {1/sec)

Requirement 1 (min) 0.29 (min) 0.35 (min) 21 {(min) -0.057 (min)

Tail-off 2.2} 0.h 0.89 0.47 -0.045
Teil-on 1.28 0.35 0.k5 2.86 -0.016

P2 Al 10

I
TSI L

The Mach 2 case was bandled in much the same way as the Mach 0.8

o]
»«

VRSN
PRE

*a,

case but new feedbpck gains had to be zelectsd. The root locus of the

i,

inner loop of the yaw 84S is shown in figure 5. This timwe the tail-off

éé?
E

e

WS
o

sircraft does not have a coupled roll-spiral or a dutch rolli wode but
the roots zre a8ll on the resl axis. 3By incressing the fesdbeck gein
the poles at 2.9 =znd 0.022 form the dutch roll mode. The pole &t
-~3.15 couples Yor s small range of gain with the pole st -1.53 but
then they return to the reel axis to form s roll mode and spiral mods,
The duteh roll is anstable for 211 wvelues of gain but the yaw rste
feedback will stebilize ihis mode. An dinner leoop gain vas selected
vhich produced s good duteh rcll root locus (figure 6). The gains

selected were:

¥ = 6,13
- )
Kr 1.3%
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The transfer function for the closed loop system (figure 1) is:

_ —.32.8 (s + .882)(s + .335 * .6§)(s + 1)
r (s + .96)(s - .0108)(s + 1.2k + 2.765)(s + 4.03)(s + 5.2)

o

For comparison the transfer function for the tail-on aircraft

with its yaw SAS (figure 2) is:

r - 42 (s + .65 *1.055)(s + .65)(s + 1)
)

v (s + .009)(s + 2.12 £ 6.175)(s + .9h)(s + 2.77)(s + 7.37)

Table 3 shows the dutch roll frequency and damping, roll time
constant and the spiral time constant for the Mach 2 tail-off case as
compared with the flying qualities specification requirements and the
Mach 2 tail-on case. While the tail-off aircraft excceds the spec-
ification requirement , the tail-on aircraft has a much higher fre-
guency and cwn paraneter which indicates that it will have a shorter
transient response than the tail-off aircraft. The roll and spiral

time constants satisfy the specification requirements.

Table 3

Mach 2 Lateral Flying Qualities of Interest

Dutch Roll Roll Spiral
1 1
“n ¢ sy 4r 4r
(rad/sec) (rad/sec) (1/sec) (1/sec)

Requirement 1 (min) 0.19 (min) 0.35 (min) 1 (min) -0.057 (min)
Tail-off 3.0 0.41 1.24 4,0 ~0.0108

Tail-on 6.5 0.32 2,12 2.78 0.009

21
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Effects of Washout Time Constant

As indicated previously the washout circuit for the tail-off
design was selected to be consisteni with that in the teil-on yaw
SAT, The effect on the dutch roll of changing from the 1 second
time constant was exemined for flipht condition 1. The result is
that as the time constant is decreased the root locus of the dutch
roll collapses toward the imeginary axis. Fipure 7 shows the effect
of 0.83 second washout time constant. If the washoui time constant
is increased the result is that the dutch roll root locus expands
avay from the imaginary axis producing much better dutch roll
characteristics. Figures 8 and 9 show the effect of a 1.25 second and
a 2 second time constant respectively.

If a washout time constant on the order of 2 seconds could be
tolerated, the washcut pole would be to the right of the roll pole
(figure 9) and the branch associated with the roll mode would move
to the left. There would then be no problem in satisfying the f{lying

qualities roll time constant requirement.

22
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et a subsonic cruise condition. However, it takes the tail-on aircraft
longer to damp the disturbance. This would be expected as the dutch

roll frequency and damping are less than that of the tail-off air-

craft at this flight condition. Figure 19 shows plots of p and ¢ for
the tail-on aircraft. The bank angle seeks a steady state value of
about 9 degrees vhereas the tail-off aircraft continued to roll, but,
at a slow rate. After 10 seconds the tail-off aircraft only rolled 3
j 3 degrees. This reflects the long roll mode time constant.
The Mach 2 tail-off rudder pulse responses ere shown in figures
20-25. TFigure 20 shows the pulse rudder input, Sv’ and év plots.

The variebles zax,y 8 and r plots are shown in figure 21. Again, the yaw
?

SAS is functioning properly although this time the magnitude of ay, B8
and r are larger since the thrust is larger than the Mach 0.8 case.

The response damps out quickly (less than 4 sec.) which would be

o e -

expected <from the high dutch roil frequency and damping ratio.
The plots of p and 4 are shown in figure 22. In this cese the bank

angle reached a steady value.

e tthe = Phenmit et ©

Figure 23 shows the Mach 2 tail-on ay, 8 and r pulse rudder
plots. The magnitudes of these variables are not as high as in the
tail-off case and the system damps out faster (3 sec.). This would be
expected as the product of the dutch roll frequency and damping ratio
is higher. The rudder position and rate plots are shown on figure 2k
and reflect the high dutch roll frequency. The higher ay in the
tail-off case reflects the high thrust at this flight condition.

The plots of $ and p are shown in Tigure 25. For 1 “light case

P = —
< s o s e ey
et e B i e s

the bank angle reached a lower steady state vs +*.n the tail-off

ES

¢
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(Ref 5:448) werc used to cslculate the appropriate value for vy In

order to get a B gust term (Bg) the following relation is used:

@
U
1
c;:ka<

The discrete Bg is then input through the B term in the equations of

motion.

Random Turbulence

To complement the evaluation of the aircraft and control system
to atmospheric turbulence, the effect of continuous random turbulence
nceds to be considered. The reason is that if &« measure of the velo-
city of gusts on a given flight path were made, the magnitude of the
gusts would be of a random nature. Therefore, continuous random
turbulence is described statistically. Again only side gusts will
be considered since the sludy is limited to the lateral-directional
modes,

In straight, steady level flight through a turbulent atmosphere
it is important to minimize the unwanted motion (error) caused by
the turbulence. In order to statistically measure how well the SAS
is performing, mean square error is utilized since the average value
of the gusts is assumed to be zero. The power spectral density, ¢,
is utilized to obtain the mean square error for an aircraft and
conbrol system. The random turbulence model is represented in
figare 10. The input used to evaluate the performance of the system
is white noise which has a constant power spectral density (= 1).
There are several textbooks which give a treatise on random atmospheric

turbulence. Blakelock is one (Ref 6: Chapter 9).
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The Dryden form of the power spectral density for the side gust

is utilized and is defined as:

2
1+3({,ﬁw)

» (w)=o Lv t
A2 Vr
& t 1+ |, v (2|2
( V—‘°)
t

vwhere Lv and o are perameters specified in reference 5 (p hh7-4148),
The transfer functions for the shaping filter (’l‘v (j w) ) can be

g
obtained by performing spectral factorization of Qv (w). That is:

23
¢y (w) =17  (ju) T (-ju)
g v v
& &
Then:
L .
_ 1 +/3 vl jw
T (ju) = o, v t
g \Y
¢ 1+ o)
t

Then by replacing jw with s and dividing by Vt yields.

1+ [3 %X- s
t

'.I.‘B (s) = o, /%?L
& ¢ 't

(1+ = s5)?

which is utilized in the continuous random turbulence model. .The
values (thunderstorm levels) for Lv and o, used are:

Lv

1750 ft.

o 21 ft/sec

v
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Figure 10 - Continuous Random Model Block Diagram

Computer Model.s/Programs

In order to obtain time response plots for the pulse rudder pedal
input and the discrete atmospheric turbulence input, an integration
and plot computer program was created. The integration was done using
a library Runge-Kutta integration subroutine (ODE) on the CC6600
library of the ASD computer system., The aircraft and control system
modeled in state variable form were provided as input to this progranm.
The form of the program input is:

'5E=A5('+Gs +BS
g Ty

where X is the aircraft state vector, Gr is pilot rudder pedal inputs,

P
and Bg is gust inputs.

Figure 11 shows the block diagram of the state space model used
for the tail-off configurations. The only differences in the model
for the tail-on aircraft are the ay feedback and the different
actuator dynamics. The state equations in matrix form are shown in
figure 12. The gust term (Bg) enters each of the state equations
through the 8 term. For the pilots rudder pedal input the G matrix

is a null matrix. For the discrete gust input the B matrix is a null

29
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matrixz. The output of the computer program is time response plots

(0-10 second) for B + Bg’ Py s $, Gv’ 8.5 8 and Bg (ox Grp) and

a listing at 0.05 second increments for these variables.

"
8 p

r >
P 8 § 6 -
10 LA Aircraft ‘ N
s + 10 >
+ - N
K
8
K L S
I‘,\ s + 1

Figure 11 Tail-off State Space Model

An existing computer program developed by Capt J. T. Silverthorn
(AFIT Department of Aeronautics and Astronautics), which performs a
covariance analysis (Ref 7:89) was utilized to evaluate the response

of the aircraft to random atmospheric turbulence. The inputs to the

program are the aireraft and control system state equations augmented
with the state equations for the shaping filter to model the atmo-

spheric power spectral density function. The power spectral density

function adds two states to the basic aircraft and control system

B e 3

A matrix (figure 12). A listing of this program is shown in Appendix 5.

Response To A Rudder Pedal Input

In order to determine the effectiveness of thrust vectoring to

generate a yawing moment, a comparison with the tail-on rudder

30
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effectiveness was made. ,This was expressed in %erms of yawing
moment /degree of thrust vector deflection (Izz N5 ) compared with

v
the yswing mwoment/degree of rudder deflection (Izw N, Y. This is

plotted in figure 13 for different Mach numbers at 30300 ft. altitude.
Vhat is indicated is thet for the subsonic Mach numbers the rudder
generates a higher control yawing moment than does thrust vectoring.
Hote the low thrust condition at Mach 0.8, But when the thrust is
increased sufficiently in the supersonic regime, the thrust vector
genarates o higher control yawing moment.

A command rudder (Gr ) pulse of 3 degrees for 1 second duration
was applied to the system?to observe the response. In figure 1l is a
0-10 sec. plot of the input and plots of the position of the thrust
vector (Gv) and rate vhich the thrust vector is moving (év) for the
Mach 0.8 tail-off case. It can be seen from the GV plot that the
yaw SAS is resisting the input as it should do initially. Figure 15
shows plots of ay, 8 and r where the dutch roll mode can be seen.
Hotice that ay has the same shape as Gv which indicates that the
lateral acceleration is primerily the result of thrust vectoring. The
emplitudes of a_ and B are small and the time to damp out is less than
%@I 5 seconds. Figure 16 shows plots of p and ¢.
‘ The same rudder pulse was applied to the tail-on aircraft to

compare its response to that of the tail-off aircraft. Figure 1T

shows plots of the rudder position aend rate. TFigure 18 shows plots

of ay, B and r which indicate larger amplitudes than for the tail-off.

This reflects what was shown in figure 13 that the rudder control

effectiveness is greater than the thrust vector control effectiveness

e
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et n subsonic cruise condition. However, it takes the tail-on aircraft
longer to damp the disturbance. This would be expected as the dutch
roll frequency and damping are less than that of the tail-off air-
craft at this flight condition. Figure 19 shows plots of p and ¢ for
the tail~-on aircraft. The bank angle seeks a steady state value of
about 9 degrees whereas the tail-off aircraft continued to roll, dbut,
at a slow rate. After 10 seconds the tail-off eircraft only rolled 3

3 degrees. This reflects the long roll mode time constant.

The Mach 2 tail-off rudder pulse responses are shown in figures
20-25. Figure 20 shows the pulse rudder input, §_, end fsv plots.

The varisbles ay,ﬁ and r plots are shown in figure 21. Again, the yaw
SAS is functioning properly although this time the magnitude of ay, 8
and r are larger since the thrust is larger than the Mach 0.8 case.
The response damps out quickly (less than 4 sec.) which would be
expected from the high dutch roll frequency and damping ratio.

The plots of p and ¢ are shown in figure 22. In this cese the bank
angle reached a steady value.

Figore 23 shows the Mach 2 tail-on ay, 8 and r pulse rudder
plots. The magnitudes of these variables are not as high as in the
tail-off case and the system damps out faster (3 sec.). This would be
expected as the product of the dutch roll frequency and damping ratio
is higher. The rudder position and rate plots are shown on figure 24
and reflect the high dutch roll frequency. The higher ay in the
tail-off case reflects the high thrust at this flight condition.

The plots of ¢ and p are shown in figure 25. For 1 “light case

the bank angle reached a lower steady state va .0 the tail-off
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aircraft due to the shorter time to damp the dutch roll mode.

Response To Discrete Atmospheric Turbulence

In order to properly evaluate the response of the aircraft and
SAS to discrete (1 - COS) atmospheric turbulence, the gust frequency
which excites the aircraft the most (resonance) must be found.
A log magnitude frequency response (Bode plot) of the system to a
sinusoidal input could be useful in finding the resonant frequency.

Noting the half angle formula:

sin[ﬂ]_ + |1~ cos w 1/2
2" 2

Where: w = frequency

a relationship of a sinusoidal input to a 1 - COS input can be seen.
Basiéally, th resonant frequency of a sinusoidal input is %-that of
the 1 - COS input. Frequency response plots of g/ Bg and ay/sg

are shown in figures 26 and 27 for the Mach 0.8 tail-off © 1t
case. The resonant frequency is shown to be about 2 rad/sec. Tt
might be expected that the resonant frequency for a 1 - COS discrete
input would be about 4 rad/sec.

A frequency sensitivity study was done using the integration
program described earlier in this chapter. The results indicated
that a gust frequency of 3 rad/sec produced the largest values of
B and 8, (Table 4). A gust frequency of b rad/sec excited the TVC,
with the highest év excursion. TFor the tail-on aircraft a gust
frequency of 2 rad/sec produced the largest values of g and ay.

From Table 4 it is seen that as the gust frequency increases the

peak thrust vector excursion increases until a } rad/sec gust is
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reached but the rate continues to climb with gust frequency. The
same is true for the tail-on rudder excursion and rate but the
magnitudes are much smaller.

The frequency response plots for the Mach 2 case are shown in
Figures 28 and 29. The resonant frequency to a sinusoidal input
is 2.5 rad/sec. A frequency sensitivity study using the discrete
gust input was also done for the Mach 2 flight condition. Table 5
shows the results. For this case higher frequencies excited the
system since the dutch roll frequencies for both tail-on and
tail-off were higher than in the Mach 0.8 case. For the Mach 2
tail-off case a gust frequency of 5 rad/sec produced the largest
values of £ and ay. The largest value for Gv was also produced at
this frequency but év increased with the gust frequency. The tail-
on aircraft has a higher dutch roll fréquency (6.53 rad/sec) than
the tail-off aircraft so the largest values of B and ay cccurred
at a higher gust frequency of 6 rad/sec. For this flight case
the values for the rudder excursion and rates were comparable to the
thrust vector excursion and rates. This would be expected as the
yawing moment due to thrust vectoring (figure 13) is much higher at

the Mach 2 flight condition.

Time response plots were run for the Mach 0.8 flight condition

at a gust frequency of I rad/sec. This frequency was chosen as it

most excited the TVC. Time response plots for the tail-off aircraft
are shown in figure 30-32 and the tail-on plots are shown in figures
33-35. From figure 30 the Bg input can be seen and also the Gv and

6v time responses. Figure 31 shows the ay, f and r time responses.

51

N oot ] NP
e . e e o e st = et o ot e g




Al
M

§
]

ssuodsay aAcuatrbaxy ¢JJo-TTeL ‘2 "PUO) *3Td °Q2 dIndiy

101

¢

(238/70BY) AONINDIYS
001, ¢ & ¢ %

i1 §

1-01

o
-
1

o
!

(=]
=

IR AR RN AR ]

o
o™

IR R R AR ]

1SNO v138/01348 440-1141

0°¢ H3JBNW

03

(87381330) 3AN1INOBU




asuodsay Asusnbosy, ¢JJo-TTRI ‘2 "DUOH °

3Td 68 Pangtd

107

1

(338/0BY) AON3IND3Y¥S

001, ¢ & ¢ %

i1 i

L

I8 £

10 [} 10 o)
(5713810307 30NLINOUK
53

D
n

10
o

L L N LR AL LR L L L L O TR OO O O D I O O

1SNJ H134/AY 440-7714d1

0°¢ HAWKW

o]
™




e
- e e

” DTIRR N G

——p

0°L9 q1°6 (AN oc'1 6° 08 7€°Q 829 S 1 Q

1°69 60°6 £°€T gc i €767 806 gL L 0¢°1 L

71°8S e T qL ge 't 0°67 gL-é €q'g 99°1 9

S-Sy gL L 5°q1 LTt 2 gt 9g°6 00°6 08T S

A A 2g°e L1t Lo 2 ee SL L 96°¢ 79°1T €

sie q7°0 756 L1170 12 7 £¢2 €9°9 29°0 ST

(°3s/33p) (8sp) Awomm\vwv (3sp) (98s/2sD) (3sp) (zo°s/35 (Z3p) (oss/pRI)
hw hw hw & >m Aq £ g Aousnbaag wm ELER ooy d s
uo-1t24 330-T1e%

SSDNATUIE} ¥esd

£Lpnag Lotaratsusg Lousnbasgg 3Sn) 935I0STE 2 YOBH

54




g g g g
re 2 re b1
@
e~
=3
-] 8 8 5
7’ ". v.- ﬁ
3
3 2 g 5
» (= [ =
S
e ,
m '
8 g g 3 ,.
v v v < ,
[}
B
8 8 3 3 m
o [ [ 0 .
o r
%) Q X =] !
& i i . |
8 2 2 & !
Fv ! bt ! o ! g on
uy s w Iy
E = = —
b oo - vM
8 2 8 =
5 £ & R
—i
3 8 8 g
& £5 £ o
O
-
8 8 s —
v £ & 2
/ Oo
o (-3 o o
o o <
£ 2 = )
ﬁ 8
-ri
: _ : g .
©0°0 D80~ 09°1-  pr-i-  OLtM  po'Br  coDZ os'c oo'ot~ 30'0r" £O'DMY OBy 25'0 00°08- #0°031-P
030 - 190 "i3v 930 - A ¥1730 3387030 - m 81730




P

N s e ynmews  wepmin e e < e

1.2v

¥

u.28

~0.80

AY - FT/SEC SQ

-1.38
o

«3.30
Y
(-3

= = ¥
1.00 1.00 3.00 00 2.00 16.00

-

4,00 .00 .00 1.00
TIME - GEC

4.00

hir}

2.00

BETA - DEG
0.00

-2.00

n— L4

'.. aJ L Ll R A A J A
¢.00 .90 1.00 3.00 4.0 $.00 7.00 8.00 2.00 1e.00

0 s.00
TIME - SEC

re

~ QEQ/SEC
0.00

2

R
-4.00

Y T \ 4 Y

4.00 s oc
TINE ~ SEC

~+3.00

0.00 7.00 .00 2,00 16.00

Figure 31. Flt. Cond. 1, Tail-off, Discrete Atmospheric Turbulence

-

56

R



AR,

B

16.00
10.03

2.00
s.00

$.00
.00

o epYma

1.00

1.00

.00
6.00

-t

8.00

TIHE - GEC
S.00

TIME - SEC
51

o Afmt e mnmnre 1
.

4.00

+.00

3.00
3.90

.

.00

2.00

F1t. Cond. 1, Tail-off, Discrete Atmospheric Turbulence

i.00
1.00

¥

oo'0  00°b-  Do'RP

Pigure 32.

Doy £3°2 95°0  00°T- 024 Ty o0°

14
030 - 1Hd 33¢/030 -~ d

i oot
JUUEREDIERVEIES
s g o T




O

g e s e e e

.00

BETR QUST -~ DEC
-2.40  -1.€0  -0.80 2

.20

2 T
0.00 1.00

I

Q.80

DELTA R - DEG

N -0.20 0;00

¥ i L L LI LS 3]
2.00 3.00 4.0 8.00 1.00 8.00 2.00 10.00

o 5.00
TIME - SEC

‘o.00 1.00

.00
-t

4.08
.

.
i

L

-4.00

2

ODELTA R - DEG/SEC
0.00

¥ ¥ L DR LU ¥ B
z2.00 3.00 4. 6.00 7.00 8.00 3.00 10,00

60 5.00
TIME - SEC

o8.00

8

A
1.00

Figure 33.

et e St Bt 3 € ot Nt e i

L] L] i ¥ L] L] v
2.00 3.00 4, $.00 7.00 5.00 s.00 19.00

00 $.00
TINE - SEC

Flt. Cond, 1, Tail-on, Discrete Atmospheric Turbulence

58




1
{
H
)3
h
H
;
§

U SRRPI T

e BT

PETENE T s e e
ol A

r

0.60

\_'//,——-—————

~0.83

AY - FT/SEC S0

~1.00

P
3

> Ll L L L] L L] Ll B
1.00 z.00 3.00 6.00 7.00 8.00 9.00 10.00

4.00 5.00
TINE ~ SEC

4.00
3

[+1+}

g.co
L

BETA -~ DEG

~2.00

A

o4-co

T Ll 1) L] L] T R] L) B
.00 1.00 2.00 3.00 4. 8.00 7.00 s.60 .00 10.00

oa 5.60
TIME ~ GEC

0.00

- DEG/SEC

o'1.68

L4 v T v T L L i L B
1.00 2.00 3.00 4. .00 $.00 T7.90 §.00 v.00 10,00

0o ]
TIKE - 6EC

Figure 34. TFlt., Cond. 1, Tail-on, Discrete Atmospheric Turbulence

59




PHI - OEO
4.00

G.00

N e - _ -

YR,

L

4.00

re

P - DEG/SEC
.00

-4.00

.00 1.60

A v ¥ \J o i 1
2.00 3.00 4. <.0o0 7.60 8.00 %.00 10.00

00 5.00
TIME - GEL

] L
6.00 1.00

Figure 35.

L] L] A J L) R v
Z.00 3.00 4. s.00 1.00 $.00 .00 10.00

00 5.00
TIME -~ SEC

Flt. Cond. 1, Tail-on, Discrete Atmospheric Turbulence

60

- .. - . i
B e o NP B R e

<

L TR T v




In comparing ay and g parameters to those of the tail-on aireraft
responses in figure 3% it is seen that the tail-off case produces
larger values of g and ay but damps out faster. Since the tail-off
aireraft has a larger dutch roll frequency and damping than the
tail-on aircraft the faster damping would be expected. Looking at
the Gv and év time responses one realizes the price which must be paid
for this stebility. & peaks at 38 degrees and év peaks at 119
deg/sec (as indicated in teble 4), In comparing the ¢ and p
perameters in figures 32 (tail-off) and 35 (tail-on) the same type
of transient behavior is displayed as the other aerodynamic parameters
except for a slightly larger bank angle in the tail-on case than in
the tail off case.

For the Mach 2 flight condition & discrete gust frequency of
5 rad/sec was used since this excited the tail-off aircraft the
most. This was also anticipated from the frequency response study.
Time response plots for the tail-off aircraft are shown in figures
36-38. The input Bg can be seen in figure 36 along with Gv and
&v anﬁ it is immediately noticed that the magnitudes of Gv and év
are much lower and more reasonable than the Mach 0.8 flight condition.
From figure 37 the transient response is seen to damp much faster
than in the Mach 0.8 case due to the higher dutch roll frequency and
damping. The high dutch roll frequency (6.5 rad/sec) of the tail-on
aircraft can be seen in figures 39 and 40 as the transient response
is of high frequency and damps out quicker than the tail-off
aircraft. The tail-off aircraft provides a softer response than the

tail-on aircraft as the lateral acceleration is lower although R is

slightly larger. Figure b1 shows the time responses of ¢ and p.
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Response To Continuous Random Atmospheric Turbulence

The response of the ailrcraft and control system to continuous
random turbulence needs to be seen in order to complement the
discrete turbulence evaluation. The random turbulence model and
computer program explained previously were utilized for this part
of the study. The input is in the fcrm of white noise snd the output
is a matrix of variances or mean square error values for each state
veriable about a mean of zero. The results are presented in tzble 6
as the square root of the variances or standard deviation of the error.

From teble 6 it is seen that for the Mach 0.8 flight condition
the standard deviation of the aircraft output variables are reasonably

close comparing the tail-off and tail-on values. Once again rel-
atively large thrust vector excursions and rates are seen. In the
Mach 2 flight condition the tailoff aircraft actually has a smaller

standard devigtion than the tail-on aircraft due to the large amount
of yawing roment (figure 13) available. The tail-on aircraft exhibits
a larger lateral acceleration at Mach 2 as it did for the discrete
turbulerce.

The results shown in this chapter have indicated that high thrust
vector 2xcursions and rates are commanded by the SAS in a low thrust
flight condition (flight condition 1). While the linear assumptions
mede in the beginning become invalid, the trends should remain un-
changed. The next step is to limit the thrust vector excursion and
rete to more realistic values. The next chapter will show these
effects. This feature alsc allows the linear assumptions to be accept-

able so that the small perturbation equations can still be used.
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V. Thrust Vector Control Requirements

From the last chepter it was seen that large values of thrust
vector excursion and rate were commanded by the contrel system due
to atmospheric turbulence it the thunderstorm levels. Practically,
there are limits imposed by the hardware. In addition longitudinal
effects become innrencingly important when the TV excursion is large.
In this chapter, the results of a study of the effects of limiting
the thrust vector excursion and rate is shown in order to establish
the basic requirements to provide accepteble stebility. By limiting
the IV excursion the small perturbation equations of motion are
again utilized with the longitudinal efrects being ignored.

This chapter also examines the sensitivity of the closed loop
system to variations in thrust, feedback gains, and actuator dynamics.

The effect on the lateral-directional modes of utilizing a

fast and a slow TVC sactuator is also addressed.

Thrust Vector Limit Study

The thrust vector excursion and excursion rate was limited to
see the effect on the dutch roll frequency and damping. The discrete
atmospheric turbulence model was again utilized. The integration
program (Appendix 4) was modified to permit limiting of both the
thrust vector deflection and rate of deflection. As the limits were
decreased the point where the system did not meet the flying qualities
requirements was determined. Turther decrease in the limits caused
the aircraft to become unstable.

As seen previously the maximum thrust vector excursion for a
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discrete side gust of h rad/sec was 38 degrees with a maximum ex-
cursion rate of 119 deg/sec (Table 4). A limit on the TV excursion
of 0.5 radians (28.7 degrees) with an excursion rate limit of 1.2
rad/sec (68.8 deg/sec) was tried first. Then subsequent reductions
in the rate limit (holding the TV excursion limit constant) were
made until divergence of the dutch roll mode was seen. This process
of decreasing the rate while holding the excursion constant was con-
tinued for lower values of TV excursion down to 0.2 radians
(11.5 degrees) of da.flection.

In Table TA a tabulation of the B peaks for various TV excursion
and rate limits are shown. The response peaks at each half cycle
of the dutch rcll mode are shown and their time of occurance. In
Table TB is shown the dutch roll paramete.s of merit for each limit
case, These parameters were obtained from the time and subsidence
ratio for the second and fourth B peaks given in Table TA. It can
be seen from the table that decreasing the TV rate decreases the
dutch roll frequency and damping. In general, if the TV excursion
is decreased with the rate held constant the dutch roll frequency
decreases but the damping increases. The effects of holding the
thrust vector maximum excursion at 0.5 radians and decreasing the
maximum rate from 1.2 rad/sec, to 1 rad/sec, and then to 0.9 rad/sec
are shown in figures 42-50. For the last case the dutch roll mode
is divergent. Seen from the plots is that as the TV rate is decreased
the dutch roll mode takes longer to damp out. From the év and év
plots it is seen that as the allowable év is decreased (slower moving)

the thrust vector stays at the deflection limit longer. Eventually
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Table T B

§ and § Limit Study
v v

(F1t. Cond. 1, 4 rad/sec Discrete Gust)

Dutch Roll Parameters

P

73

Gv Gv 0, 4 o
(rad) (rad/sec) (rad/sec) (rad/sec)
Tail-on 1.28 0.35 0.h45
Tail-off
0.66 2.08 2.20 0.35 0.77
0.5 1.2 2.17 0.26 0.56
0.5 1.0 1.85 0.085% 0.16%
0.4 1.2 2.09 0.28 0.59
0.4 1.0 1.90 0.13% 0.25%
0.3 1.2 1.90 0.28 0.53
0.3 1.0 1.80 0.22 0.k0
0.25 1.2 1.88 0.29 0.55
0.25 1.0 1.7k 0.23 0.40
0.25 0.9 1.70 0.20 0.3h#
0.2 1.2 1.75 0.28 0.49
0.2 1.1 1.75 0.26 0.46
¥ Does Not Meet Flying Qualities Specification
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it can no longer stabilize the aircraft. From tables TA and 7B it
can also be seen that if the TV excursion is reduced the rate can be
reduced also (to a point) and still maintain acceptable stability.
To further substantiate this, time response plots for a maximum TV
deflection of 0.3 radians and a meximum rate of 1 rad/sec are shown in
figures 51-53. TFrom these plots it is seen that for a constant TV
excursion rate, the dutch roll mode damps out faster than for the case
with a larger excursion (figures 45-U4T).

The limit study can be summed up in figure 54 in which satis-
factory combinations of TV deflection and TV rate of deflection
for the discrete atmospheric turbulence environment (side gust) is
shown. Areas of convergence, marginal stability and divergence of
the dutch roll mode are indicated. This plot shows the deflection
and rate requirements to meet the flying qualities specification
reqirements foxr the dutch roll mode.

No attempt was made to limit the thrust vector maximum deflection
and rate for flight‘condition 2 as the maximum values were low
(table 5). It is believed that flight condition 1 will drive the

design choice (for cruise).

Parameter Study

A study of the effect on the dutch roll frequency and damping
of varying the thrust, feedback gains and TVC actuator dynamics by
+ 10% was done. The TV maximum deflection was limited to 0.5 radians
and the rate was limited to 1.2 rad/sec. Both the discrete and the

continuous random turbulence models were used for this study.
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N % i Table 8 indicates the results for discrete atmospheric tur-

bulence at flight condition 1. The Maximum values of B and ay are
tebulated along with the dutch roll mode parameters. Vhat is in-
dicated is that the system is most sensitive to the actuator time
constant variations. For the slower actuator the dutch roll mode
became unacceptable from the requirements standpoint.

The results of the parameter study for flight condition 2 are
shovn in table 9. Values for § and &v were included since the
magnitudes of these quantities were not limited. It can be seen
from table 9 that the system is less sensitive to the actuator
variations than to the thrust and gain changes. What is indicated
is that the gains need to be closely correlated with the thrust
and the actuator needs to be accurately modelled. Table 10 shows
the effects of the parameter variations using the continuous random

atmospheric turbulence iuput. It gubstantiates the previous results.

TVC Actuator Model

The basic TVC actustor model used as a baseline in this study
utilized a 0.1 second time constant. It could be useful from a hard-
ware standpoint to see how slow an actuator could be used and still

maintain acceptable flying gqualities. This would be of interest in

the selection of the type of TVC device to be used. Values of the
actuator time constant were tried at 0.2, 0.25 and 0.33 seconds.
The design process described in Chapter III was repeated to develop
new feedback geins to optimize the dutch roll dynamics. It was

( determined that with an actuator time constant larger than 0.25

seconds the coupled roll-spiral mode in flight condition 1 would
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Table 8
Parameter Study, Flt. Cond. 1

Discrete Atmospheric Turbulence

Peak Values Dutch Roll
B ay \ mn T Z;mIl
{deg,) (£t /sec) | (rad/sec) {xad/sec)
Tail-off
Baseline 3.98 2.4 2.17 0.26 0.56
-10% Thrust 3.76 2.2 1.96 0.32 0.63
+10% Thrust 4.7 2.6 2.2h 0.18% 0.0
Actuator ;?;9 .49 2.5 1.96 0.08% 0.16*%
Actuator 1L 3.58 2.3 2.03 0.32 D.6%
s+11 *

-10% Gains 3.80 2.} 2.09 0.28 0 .59
+10% Gains b1k 2.4 2.17 Q.22 0.48

G'V Max = + .5 rad

6'v Max = + 1.2 rad/sec

* Does Not Meet Flying Qualities SpeciTicmtion
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not uncouple, vhich is an unacceptable condition. With en actuator
time constant of 0.25 seconds an acceptable dutch roll frequency and
damping ratio was obteined although it was not as good as the baseline
actuator. Table 11 is a tabulation of the figures of merit for the
lateral-directional modes for the baseline actuator, the slower
actuator and a 0.05 second time constant (faster) actuator. The
faster actuator was included to indicate its advantage in the capabil-
ity for higher dutch roll frequency and damping. The feedback gains

selected for each configuration are also shown.
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VI. Conclusions and Recomuendations

Conclusions

It has been seen in this study that reﬁoval of the vertical
stabilizer on the F-111l resulis in an unstable aircraft. The analyses
of this study have shown that lateral-directional thrust vector
control (TVC) can not only stabilize the F-11l in the tail-off con-
figuration, but also, can achieve a better dutch roll frequency and
damping ratio than the baseline tail-on airecraft. For the two flight
conditions examined, the response of the tail-off aircraft to
atmospheric turbulence was as good as or hetter than the tail-on
aircraft. The price that must be paid for this stability is a
momentary reduction of the forward thrust due to the deflection of
the thrust vector. 1If the thrust vector is allowed higher maximum
excursions and rates, the dutch roll stability is better than that of
the tail-on aircraft. The problem is that asbout 12% of the forward
thrust (for a maximum deflection of 0.5 radians) is lost momentarily
at the full deflection of the thrust vector. It was seen that the

~

meximum TV excursion could be limited to as low as 0.2 radians
(11.5 degrees) and still maintain acceptable flying qualities. This
would only be a 2% loss in forward thrust for full deflection. This
assumes a worst case cruise condition (low thrust) in an environment
represented by the discrete atmospheric turbulence model at the
thunderstorm levels. But, a TV excursion rate of 1.1 rad/sec

(63 deg/sec) is required with the above excursion value.

Requirements for the thrust vector deflection and rate of

deflection were specified for an actuator model with a 0.1 second
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time constant. It was seen that the lowest TV rate of deflection for
acceptable flying qualities was 1 rad/sec, so a device to deflect the
thrust vector having at least this capability would be reguired. It
was seen that a TVC actuator with faster dynamics (than the 0.1 sec.
time constant) produced a better dutch roll frequency and damping
ratio. The slowest actuator possible was one with a 0.25 second
time constent. Slower actuator dynamics resulted in a closed loop
coupled roll-spiral mode.

The control system feedback gains found in this study were de-
pendent on the flight condition and thrust level, implying that gain
scheduling is necessary. Since it was shown that the closed loop
sysitem was very sensitive to unmodelled changes in feedback gains,
thrust level, and actuator dynamics, the gains must be closely

matched with the actuel thrust and actuator dynamics.

Recommendations

This study was done using the lateral-directional small pertur-
bation equations of motion. It is recommended that the study be con-
tinued using the non-linear longitudinal and latcral-directional
equations of motion. Flight conditions such as a landing configuration
and meneuvering flight should be considered. A model of the amount of
thrust deflection that can be practically realized needs to also be
considered in further analyses.

A problem unique to utilizing TVC for lateral-directional stability
is one of an engine out condition. Since the F-1ll is a twin engine
gircraft, this would help minimize the problem, but there still may be

consideration to provide a small vertical surface to produce a more

neutrally stable aircraft,
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Appendix 1

F-111 TACT Aircraft Physical Description
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Appendix 2

F-111l TACT Stability Deriviatives

Body Axes
MACH 0.8 MACH 2.0
«:90 « = 90
TAIL-ON TAIL~OFF TATL-ON TAIL-OFF
c2 (1/deg) -.001h ~.0016 -.0012 -.000k42
B
c, (1/aeg) -.0122 ~.0050 -.0126 -.0060
B
. (1/deg) .0012 -.0012 .0012 -.0012
B
c, (1/red) -.30 -.25 -1 -.09
P
c (1/rad) .07 -.05 .05 -.0k
Y
P
¢, (1/rad) -.03 -.009 -.01 -.003
p
¢, (i/red) .31 .29 017 .086
r
c (1/rad) 0.0 0.0 0.0 0.0
yr
n (1/rad) -.25 -.08 -.2) -.07
r
Cy (1/deg) .0001 .0001 .00013 .00013
)
C2 (1/deg) ~.0008 ~.0008 -.000067 -.000067
)
C, (1/deg) ~.000067 -.000067 -.000067 -.000067
S

L.
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MACH 0.8 MACH 2.0

«x = Q° « = 2°
TAIL-ON TAIL-OFF TAIL-ON TAIL-OFF
*cy (1/deg) .003l .001 .0008 .0007
6V
*c, (1/aez) .0003 0.000 .00005 0.000
6V
*cn (1/deg) -.0013 ~.0006 -.00026 -.000k4
é
v

*Gr control derivatives in Tail-on Case
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Appendix 3

Thrust Vector Control Derivatives

Thrust vector control derivabtives are required in the same form
as the rudder control dexrivetives in order to directly apply them
to the lateral ~ directional small perturbation equations of motion.

The usual sipgn convention for rudder control is that left
rudder is positive, which causes a negative yawing moment. The
same sign convention will be used for the thrust vector deflection
in that a thrust deflection that causes a negative yawing moment

is considered a positive angle (Gv). This is shown in figure 3-1.

N
T sin 6v>
s § T
& > Y T cos °v |V
\/(_)

T /Z/GV (+)

Figure 3-1. Thrust Vector Sign Convention
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From figure 3-1 the forece in the Y direction due to thrust vectoring is:

= in 6
X‘t; T sin v

Using a small angle approximation:

-~

Sin §_ = § (rad)
A's r

Then: Y_t =T Gv

Since the engine thrust is assumed to be parallel to the roll axis

in the X - Y plane the rolling moment due to thrust is zero. That is:

The yawing moment due to thrust vectoring is (using the small angle
approximation):

N =—T 8
N‘t T'vl‘b

where lt is the distance between the aircraft's center of gravity and
the nozzle. To nmon-dimensionalize the thrust vector dimensional
stability derivatives,control surface derivetives used in the latersl-

directional smell perturbation equations are defined as follows:

Y _as¢C
6 ="a Is
LG__:gsb C
Ixx 8
N6=gsb C
Izz §
Novw let:
Y‘t=T6v=mY6 6v
v
Lt=0
Nt=-T6vlt=—IzzN6_v6_v
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and defining the thrust vector control derivatives as:

X as %
6V= nm 6V
Ly =0
v
N s b Cn
g =332 N
v Izz v

So finally the non-dimensional thrust vector control derivatives are:

Y
Cyo ) m Gv _r
v Qs qQs
c -
v
C IzzNG T1
n6 - _ v _ o t
v qshb qQsb

For steady level equilibrium flight conditions:

T=D-= CD qs
Then:
C C.as
y§=Dq=c
) as D
c
26 =0
\‘Y
CnG _ CDqs lt _ CD lt
v asb b

The drag coefficient was obtained from reference 8.

.
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Appendix 4

Listing of Integration, and Plot Program
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